Endoplasmic reticulum (ER) appears to be a focal point for alterations that result in neuronal dysfunction and death in Alzheimer's disease (AD). Aberrant proteolytic processing and/or trafficking of the ␤-amyloid precursor protein (APP) in ER may promote neuronal degeneration by increasing the levels of the neurotoxic forms of ␤-amyloid (A␤) and by decreasing the levels of the neuroprotective secreted form of APP (sAPP␣).
Introduction
Alzheimer's disease (AD) is characterized by degeneration of synapses, neuronal death and associated deposition of ␤-amyloid (A␤). Prior to the identification of AD-linked mutations in APP and presenilins, considerable evidence had accumulated that supported important roles for perturbed neuronal calcium homoeostasis and increased levels of oxidative stress in the pathogenesis of AD [1] [2] [3] [4] [5] . It also became evident that degeneration of synapses was strongly correlated with dementia in AD patients [6, 7] . The identification of mutations in APP and the presenilins which cause early-onset inherited forms of AD has dramatically accelerated the process of determining the specific sequence of events that results in neuronal degeneration in AD. Studies of cultured cell lines and transgenic mice expressing APP and PS1 mutations have begun to delineate the molecular, biochemical and cell biological underpinnings of the neurodegenerative process in AD. This chapter describes recent findings originating from such studies, focusing on the alterations in endoplasmic reticulum (ER) function that appear to be the pivotal events that disrupt synaptic function and promote synapse degeneration and ultimately neuronal death in AD.
How do ␤-amyloid precursor protein (APP) mutations promote synaptic dysfunction and degeneration?
The gene encoding APP was the first to be identified as a locus for mutations that cause autosomal-dominant inherited AD [8] . Several different mutations have been identified. One mutation involves a single amino acid substitution located just N-terminal to the A␤ sequence, another mutation involves a two-residue change located just C-terminal to the A␤ sequence, and a third mutation involves a single amino acid change within the A␤ sequence. One consequence of these APP mutations is that they result in increased production of A␤, particularly A␤42 (the 42-amino-acid form of A␤). Since A␤ has been shown to be neurotoxic, and to increase neuronal vulnerability to apoptosis and excitotoxicity, it has been proposed that the increase in A␤ production is the key alteration that leads to amyloid deposition and neuronal degeneration in patients with APP mutations [9] . The mechanism whereby A␤ damages neurons involves induction of membrane lipid peroxidation, which results in impairment of membrane ion-motive ATPases and glucose and glutamate transporters. This, in turn, promotes membrane depolarization and cellular energy depletion, and thereby renders neurons vulnerable to excitotoxicity and apoptosis [3, 5, [10] [11] [12] .
APP is synthesized and glycosylated in the ER and is then 'sorted' to the plasma membrane, where it forms an integral membrane protein with one membrane-spanning domain [9] . An intriguing feature of APP is that it is enzymically cleaved in response to neuronal activity (depolarization and activation of receptors is linked to phospholipase C activation) by a yet-to-be identified enzyme activity called ␣-secretase. The cleavage releases a large Nterminal domain, called sAPP␣, from the cell surface. sAPP␣ plays important roles in modulating neuronal excitability, and in developmental and synaptic plasticity as indicated by the following findings. Exposure of cultured embryonic hippocampal neurons to sAPP␣ results in activation of high-conductance, charybdotoxin-sensitive, potassium channels resulting in membrane hyperpolarization and reduced calcium influx through voltage-dependent calcium channels and ionotropic glutamate receptor channels [13, 14] . Dendrite outgrowth in developing hippocampal neurons is increased following exposure to sAPP␣ [15] . Treatment of hippocampal slices from adult rats with sAPP␣ results in a shift in the frequency dependence of long-term depression of synaptic transmission, and an enhancement of long-term potentiation of synaptic transmission [16] . We have proposed that APP mutations promote neuronal degeneration by decreasing the levels of sAPP␣ [13, 14, 17] and, indeed, studies have documented that APP mutations do decrease production of sAPP␣ and that levels of sAPP␣ are decreased in the cerebrospinal fluid of AD patients [18, 19] .
Both A␤ and sAPP␣ exert direct effects on synaptic terminals. Such local effects of these APP derivatives are likely to play important roles in the early stages of AD (Figure 1 ). Studies of synaptosomes have shown that A␤ is able to induce membrane lipid peroxidation, and impair the function of ion, glucose and glutamate transporters in synaptic terminals [5, 20] . These adverse effects of A␤ can be reduced by treating synaptosomes with antioxidants such as vitamin E and oestrogens [5, 20, 21] . Interestingly, A␤ and oxidative insults can induce local activation of apoptotic cascades involving prostate apoptosis response-4 (Par-4), caspases and mitochondrial dysfunction in dendrites and synaptic terminals [22] [23] [24] . The latter findings suggest that neuronal apoptosis in AD may be initiated by events occurring in synapses. Reduced levels of sAPP␣ may also promote synapse degeneration, since treatment of cultured hippocampal neurons with sAPP␣ decreases their vulnerability to synaptically driven excitotoxicity [13] . sAPP␣ can also protect synaptosomes against the damaging effects of exposure to A␤ and iron [25] , as in intact neurons, the synaptoprotective effects of sAPP␣ involve activation of a signalling pathway that employs cyclic GMP as a second messenger [14, [25] [26] [27] .
Finally, several observations suggest roles for alterations in ER function in the pathogenic actions of APP mutations. It has been proposed that APP mutations result in increased A␤ production because they alter trafficking of APP such that it is exposed to different enzymic environments [28] [29] [30] [31] . Indeed, treatment of cells with agents that disrupt protein trafficking in the ER results in increased A␤ production. We recently provided evidence that perturbed ER calcium homoeostasis may contribute to the neurodegenerative effects of altered APP processing. Thus, agents such as dantrolene and xestospongin that block calcium release from ER can protect neurons against A␤ toxicity ( Figure  2 ) [32, 33] . In addition, treatment of cultured hippocampal neurons with sAPP␣ increases their resistance to apoptosis induced by thapsigargin, an agent that kills cells by inducing massive release of calcium from ER ( Figure 2 ). On the other hand, metabolic stress and increased intracellular calcium levels alter APP processing such that levels of A␤ are increased and levels of sAPP␣ decreased [34, 35] . Collectively, the data suggest that the neurodegenerative cascade in AD involves a feed-forward process in which metabolic compromise and perturbed calcium homoeostasis alter APP processing, inducing oxidative and metabolic stress and increasing levels of intracellular calcium ( Figure 3 ).
How do presenilin mutations promote synaptic dysfunction and degeneration?
Several different laboratories have reported perturbed ER calcium regulation [32, 33, 36, 37] and altered APP processing, resulting in increased production of A␤42 and decreased production of sAPP␣ [38] [39] [40] , as two consequences of expressing PS1 mutations in cultured cells. PC12 Figure 3 Inter-related mechanisms involved in the pathogenesis of sporadic and familial AD. In sporadic forms of AD, age-related increases in cellular oxidative stress and metabolic compromise result in altered proteolytic processing of APP, disruption of cellular calcium homoeostasis and mitochondrial dysfunction. In the case of presenilin mutations, the primary alteration appears to be perturbed ER calcium regulation which, in turn, results in altered APP processing and oxidative stress. Increased levels of oxidative stress and disruption of calcium homoeostasis result in neuronal apoptosis and excitotoxicity. [32, 33] . Thus, calcium release from ER is a necessary step in the pro-apoptotic actions of mutant PS1. Additional studies showed that overexpression of the calciumbinding protein calbindin [36] and treatment of cells with antioxidants [33] can counteract the pro-apoptotic action of mutant PS1, indicating that increased levels of cytoplasmic calcium and oxidative stress make important contributions to the cell death process in such cell culture models. Cells expressing mutant PS1 exhibit an abnormal pattern of activation of the anti-apoptotic transcription factor nuclear factor B (NF-B) following exposure to oxidative insults including A␤ [41] . Treatment with sAPP␣ protected the cells against the pro-apoptotic actions of mutant PS1 and normalized the pattern of NF-B activation. PC12 cells overexpressing mutant PS1 exhibit enhanced production of the pro-apoptotic protein Par-4 following trophic factor withdrawal and exposure to A␤ [42] . The increased Par-4 production may contribute to reduced NF-B activation [43] .
More recently we showed that hippocampal neurons from PS1 mutant knockin mice are more vulnerable to excitotoxicity [44] and apoptosis [45] than are hippocampal neurons from wild-type mice. Calcium-imaging studies in hippocampal cultures from these mice showed that neurons expressing mutant PS1 exhibit enhanced calcium responses to glutamate when compared with wild-type neurons [44] .
Presenilin mutations can cause local disruption of calcium homoeostasis and dysfunction in synapses. Synaptosomes prepared from the cerebral cortex of PS1 mutant transgenic mice exhibit enhanced elevations of intracellular calcium levels in response to membrane depolarization and exposure to A␤, compared to synaptosomes from non-transgenic mice and mice overexpressing wild-type PS1 [46] . The magnitude of mitochondrial dysfunction and caspase activation induced by A␤ and a metabolic insult were also enhanced in synaptosomes from PS1 mutant mice. Treatment of synaptosomes with the calcium chelator BAPTA-AM [(bis-(o-aminophenoxy)ethane-N,N,NЈ,NЈ-tetra-acetic acid tetrakis (acetoxymethyl ester)] and dantrolene counteracted the adverse effects of the PS1 mutation on synaptic mitochondrial function, indicating that calcium release from ER was central to the adverse effects of PS1 mutations in synaptic terminals. More recently, Parent and colleagues [47] have demonstrated alterations in synaptic function in hippocampal slices from PS1 mutant transgenic mice. Collectively, the data support a key role for abnormal synaptic calcium homoeostasis and mitochondrial dysfunction in the pathogenic mechanism of PS1 mutations.
What is the specific mechanism whereby PS1 mutations disrupt ER calcium regulation? One possibility is that PS1 directly interacts with one or more calcium-regulating proteins and that PS1 mutations alter such interactions. Several candidates for such PS1-interacting proteins have recently been identi-fied. Calsenilin is a cytoplasmic calcium-binding protein recently shown to interact with PS1 in the yeast two-hybrid assay [48] . Additional data in the latter study suggest that the calsenilin-PS1 interaction can alter enzymic cleavage of PS1. Also using the yeast two-hybrid approach, Kim and colleagues [49] reported that PS2 interacts with sorcin, a protein known to modulate the function of ryanodine receptors. However, PS1 did not interact with sorcin suggesting that this interaction may not play a role in the effects of presenilin mutations on ER calcium homoeostasis. Using a co-immunoprecipitation approach we have recently found that PS1 interacts with a ryanodine receptor complex in cultured neurons and mouse neocortical tissue [49a] . PS1 mutations might have indirect effects on ER calcium homoeostasis. For example, we recently found that levels of expression of the type 3 ryanodine receptor are greatly increased in PC12 cells overexpressing mutant PS1 [49a] .
Role of the novel apoptotic protein Par-4 in synaptic apoptosis and AD
Par-4 is a 38 kDa protein identified by differential screening of prostate tumour cells for genes up-regulated during apoptosis [50] . Par-4 mRNA and protein levels were found to be increased in post-mortem brain tissue samples of hippocampus and inferior parietal cortex from AD patients compared to samples from age-matched control patients [42] . The latter study also showed that many neurofibrillary tangle-bearing neurons exhibit high levels of Par-4, suggesting that it increases specifically in neurons that degenerate. Experimental studies have shown that Par-4 protein levels increase rapidly in PC12 cells and primary hippocampal neurons in response to various apoptotic insults including trophic factor withdrawal and exposure to A␤ [42] . Suppression of the insult-induced increase in Par-4 levels, using antisense technology, prevents neuronal apoptosis, demonstrating a requirement for Par-4 in the cell death process [42] . Oxidative stress and calcium influx are triggers for Par-4 induction, and antioxidants and manipulations that reduce levels of intracellular calcium can suppress Par-4 expression [42, 51] . Par-4 production occurs prior to, and is required for, mitochondrial dysfunction and caspase activation [42] .
Par-4 contains both a leucine-zipper domain and a partially overlapping death domain near its C-terminus [50] . The leucine-zipper domain of Par-4 is required for its pro-apoptotic action since overexpression of Par-4 lacking the leucine-zipper domain does not promote apoptosis, and overexpression of the leucine-zipper domain alone acts in a dominant-negative manner to prevent apoptosis [42] . Several proteins have been identified that can interact with Par-4 and may mediate its pro-apoptotic action. Initial studies of tumour cells identified protein kinase C (PKC) [52] as one protein that interacts with Par-4; the interaction inhibits the kinase activity of the enzyme. Data showing that activation of PKC can prevent apoptosis [53] suggest a role for the latter interaction in promoting apoptosis. We have found that Par-4 interacts with PKC in embryonic hippocampal neurons (S.L. Chan and M.P. Mattson, unpublished work). Interestingly, we also recently discovered that Par-4 suppresses activa-tion of the anti-apoptotic transcription factor NF-B [43] . Since PKC may mediate activation of NF-B in cells exposed to potentially lethal insults, suppression of the PKC-NF-B pathway may play an important role in the pro-apoptotic action of Par-4 ( Figure 4) . NF-B exists in the cytoplasm of neurons in an inactive three-subunit complex that includes the transcription factor dimer (typically p50/p65 heterodimers) and an inhibitory subunit called I-B␣. NF-B is activated when signals such as cytokines, calcium and oxidative stress induce phosphorylation of I-B. This results in dissociation of the p50/p65 dimer which then translocates to the nucleus and binds to specific sequences in the enhancer region of target genes such as Mn-superoxide dismutase, calbindin and inhibitor of apoptosis (IAP) proteins [54] .
Par-4 may play a particularly important role in post-synaptic terminals and dendrites. Exposure of synaptosomes and primary rat hippocampal cell cultures to apoptotic insults resulted in relatively rapid increases (1-2 hours) in Par-4 protein levels in dendrites and synaptic terminals [55] . Treatment of syn- aptosomes with cycloheximide prevented the increases in Par-4 levels in synaptosomes following exposure to apoptotic insults, indicating that protein synthesis was required for Par-4 induction. These intriguing findings open a new avenue of investigation in the neuronal apoptosis field because they provide direct evidence that expression of a death-related protein can be induced locally in post-synaptic terminals. Moreover, Par-4 induction by apoptotic insults in synaptic terminals can be suppressed using antisense technology, and such suppression of Par-4 expression results in a marked attenuation of mitochondrial dysfunction and caspase activation [55] . Thus, Par-4 appears to play a central role in synaptic apoptotic cascades.
What about sporadic AD?
While studies of the pathogenic actions of APP and presenilin mutations have been invaluable in deciphering the molecular and cellular mechanisms underlying AD, the neurodegenerative process in the more common sporadic forms of AD remains unknown. The available data suggest the following scenario: subtle genetic factors, aging and the environment (e.g. diet, lifestyle, exposure to toxins or trauma) interact to increase levels of oxidative and metabolic stress in neurons. The latter statement is supported by compelling data demonstrating increased levels of oxyradical-mediated damage to proteins, lipids and DNA [56] , and reduced glucose availability to cells [57] in the brain, during normal aging and more so in AD. Increased oxidative stress and reduced energy availability promote disruption of neuronal calcium homoeostasis. Perturbed calcium homoeostasis results in altered proteolytic processing of APP, which in turn leads to increased production of A␤ and decreased production of sAPP␣. A vicious cycle is thus initiated that promotes neuronal apoptosis and excitotoxicity.
Genetic factors that may increase risk for sporadic AD are being identified. One such factor is APOE (apolipoprotein) genotype [58] ; ApoE4 increases the risk, while ApoE2 decreases it. ApoEs appear to exert neurotrophic/neuroprotective actions, with ApoE2 and ApoE3 being more effective than ApoE4. We have recently found that ApoE2 protects neurons against oxidative injury by a mechanism that may involve binding of the toxic aldehyde product of lipid peroxidation, 4-hydroxynonenal [59] . The latter findings are intriguing because the differences between the three isoforms lie in cysteine residues at two positions (ApoE4 lacks cysteines at those residues, while ApoE3 and ApoE2 contain 1 and 2 cysteines respectively). 4-Hydroxynonenal covalently modifies proteins on cysteine residues. Thus, ApoE2 and ApoE3 isoforms may act to detoxify 4-hydroxynonenal under conditions of oxidative stress.
Environmental factors that may increase risk for AD include high calorie intake [60] [61] [62] , history of head injury [63] , low intake of antioxidants [64] and low level of mental challenges [65] . Reduced calorie intake may reduce the risk of developing AD by decreasing free radical production (a mechanism thought to underlie increased lifespan in animals maintained on a food restriction) and/or by enhancing cellular resistance to oxidative and metabolic insults [66, 67] . Living an intellectually enriched lifestyle may increase resistance of neurons to age-related degeneration by increasing production of neurotrophic factors and stress proteins [68] . What seems to be clear is that genetic and environmental factors converge on common neurodegenerative pathways involving oxidative stress, impaired energy metabolism and perturbed cellular calcium homoeostasis.
Implications for preventative and therapeutic approaches to AD
The following potentially beneficial preventative and therapeutic strategies are suggested by the kinds of data described above.
• Reduced calorie intake -this lifestyle approach may increase resistance of neurons to several age-related disorders including AD, Parkinson's disease, Huntington's disease and stroke [60, 66, 69] . This approach may be effective in both sporadic and familial forms of AD [61] .
• Increased antioxidant intake -oxidative stress appears to make a major contribution to the neurodegenerative process in both sporadic and familial AD. Particularly valuable may be antioxidants that remove mitochondrial reactive oxygen species and suppress membrane lipid peroxidation. • Drugs that stabilize neuronal calcium homoeostasis. Prototypical examples include dantrolene and xestospongin to suppress calcium release from ER, and calcium channel antagonists to suppress calcium influx through plasma membrane channels.
• Mental calisthenics -use of neuronal circuits increases their resistance to adversity. This may occur as a result of the up-regulation of neurotrophic factors and certain stress proteins [68] .
